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Introduction
The electromagnetic (EM) medium is becoming increasingly important with the rapid development of technology. Different types can be widely used in many elds, such as wireless communications, stealth technology, etc. [1] [2] [3] According to the different applications, different EM properties are required.
4,5
For example, in order to optimize the microwave absorption properties of a stealth aircra's coating, both impedance matching and high energy loss should be taken into consideration. On the contrary, if we want to get good EM wave transparency, which is required in a nose radome, the energy loss should be kept at a relatively low level to maximize the signal.
As is well known, the response of the EM medium to the electromagnetic waves is largely determined by the permittivity (3) and the permeability (m). 6, 7 For an aircra's nose radome, in order to maximize the EM waves entering the material, the real and imaginary parts of the complex permittivity and permeability should be comparable, leading to good impedance matching between the material and free space. 8 Otherwise, EM waves will be reected back at the surface due to the impedance mismatching, which is the basic principle of electromagnetic shielding.
9
With the development of modern technology, the demand for EM media with different properties has increased dramatically. Moreover, in some special high-technology elds, such as aerospace, electronics, and the military, the EM medium will usually be used in an extreme environment, such as a hightemperature, high-pressure, and corrosive environment. It is impossible for a single material to have different properties to meet the demands of today's industry.
10,11
Therefore, the electromagnetic composite plays a key role in today's EM eld due to its various structural and functional properties, which originate from the components, and their distributions and morphologies, as well as the structure and composition of the interface between the components.
12,13
In this paper, we report the fabrication of a new kind of EM composite obtained via a selective reduction. We use the selective reduction to rene the grains of the metal particles and use Al 2 O 3 to control the concentration of free electrons, leading to tunable EM properties in the MHz range. In order to investigate the electromagnetic response of our samples, we use the Bruggeman effective medium theory (EMT) for calculations.
14
The EM properties of our samples can be well described by the percolation theory and the effective medium theory. Near the percolation threshold, a metal-dielectric hybrid behaviour is obtained in the new EM composite, which has a close relationship to its microstructure and distribution of elements. The fundamentals of tunable EM properties will be discussed based on the experimental results and EMT calculations in this paper.
Experiment
Fe 2 O 3 /Al 2 O 3 mixtures, with different Al 2 O 3 molar ratios, were wet-milled in ethanol for 10 hours and dried at 373 K for 3 hours. Then, the powders were pressed under 40 kN for 2 min to prepare plate-shaped samples (15 mm 2 with thickness of 4 mm), followed by pressureless sintering in air at 1573 K for 1.5 hours. The as-sintered products were placed in a tube furnace and isothermally reduced in hydrogen for 3 hours at different temperatures to yield the metal-ceramic composites.
Aer the reduction process, different types of Fe-rich structures will be formed in the Al 2 O 3 matrix with the Al 2 O 3 molar ratios changing. For high Al 2 O 3 content, island-like Fe-rich structure will be formed in the composite. As the Al 2 O 3 content decreases, the Fe-rich island-like structures will be connected together to form a shnet structure. The phase identication of samples was performed by X-ray diffraction (XRD) using Cu Ka radiation (l ¼ 0.15405 nm). Mössbauer (MS) spectra were collected at room temperature, using a 57 Co source contained in an Rh matrix. Both the real part and the imaginary part of the permittivity were measured by using an impedance analyzer (Agilent, 4991A) from 10 MHz to 1 GHz.
Phase characterization
According to Todd's research, the reduction reaction of Fe 2 O 3 will be affected by the temperature. 15 In this paper, the reduction processes were conducted at 600 C, 500 C, and 400 C by using pure hydrogen. appeared, and no peaks of Al 2 O 3 could be detected in the sample reduced at 400 C. Mössbauer (MS) spectra were collected at room temperature to obtain the accurate phase composition. The Mössbauer spectroscopy parameters are listed in Table 1 
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Electromagnetic results and discussion
The frequency (f) dispersions of the permittivity (3) are shown in Fig. 3 for the different reduction temperatures. Due to the limitations of the measurement device, however, an effective signal only can be collected from 10 MHz to 1 GHz. As shown in Fig. 3 , depending on the reduction temperature, the reduced samples show different EM properties. Based on the results, we can classify the reduced samples into two types. The rst type includes samples reduced at 500 C and 600 C.
This type shows totally metal-like behaviour in the measurement range. Both the real and the imaginary parts of the permittivity can be well described by the Drude model. Fig. 3 Permittivity of the samples reduced at different temperatures. -10 17 Hz). In our samples, the electron density is diluted by the non-conductive phase, which contributes to a reduced plasma frequency in the GHz range. The calculated results are also shown in Fig. 3 (dashed lines) , which agree well with the experimental data. From the calculation, we can obtain the plasma frequencies of the samples reduced at 600 C (8.6 GHz) and 500 C (3.4 GHz). Based on Drude model calculation, we can predict the samples' EM properties. As shown in Fig. 3 , the real part of the permittivity take a negative value in the measurement range, which suggest the EM wave will be reected back in this range and the sample would be transparent to EM waves above the plasma frequency.
13,22
We consider the sample reduced at 400 C as typical of the second type, which can be called a metal-dielectric hybrid EM medium. As shown in Fig. 3 , when we reduced the reduction temperature to 400 C, the real part of the permittivity became positive and could not be tted by the Drude model, as it showed dielectric-like behaviour. Meanwhile, the imaginary part of the permittivity still retained a relatively high value, indicating metal-like behaviour. According to the effective medium theory (EMT) predictions, the EM properties of metal-dielectric composites will cause them to act as dielectric media for low metal concentrations of less than the percolation threshold and act as dilute metals with an effective permittivity for concentrations beyond the percolation threshold. 23 In our samples, as suggested by the MS results, the nal phase composition can be controlled by changing the reduction temperature to obtain different contents of Fe (MS results) in each sample, leading to a different concentration of carriers (n). For the samples reduced at 500 C and 600 C (the rst type), as the content of conductive phase is beyond the percolation threshold, the medium can be considered as a dilute metal. 24 Interestingly, both metal-like behaviour (large value of 3 00 ) and dielectric-like behaviour (positive value of 3 0 ) are obtained in the sample reduced at 400 C. This kind of EM property, which we have called the 'metal-dielectric hybrid EM property', is not included in the EMT predictions, however.
In order to reach a better understanding of this hybrid EM behaviour, we designed a new experiment to investigate the relationship between the content of conductive phase and the EM properties. Instead of changing the reduction temperature, we changed the content of Al 2 O 3 in the Fe 2 O 3 /Al 2 O 3 mixed powder. All the samples were reduced at 600 C for 3 hours. The frequency (f) dispersions of the permittivity (3) are shown in Fig. 4 . As we can see in Fig. 4 , both the real part and the imaginary part show a 'metal to dielectric' transition. As the content of Al 2 O 3 is increased (from 40 mol% to 90 mol%), the samples can be divided into two groups on the basis of the real part, a metal-like group (40 mol% to 60 mol% Al 2 O 3 ) and a dielectric-like group (70 mol% to 90 mol% Al 2 O 3 ). Similarly, these two groups are also reected in the imaginary part (Table  2 and Fig. 4 ). If we combine the real part with the imaginary part, depending on the Al 2 O 3 content, the EM properties can be divided into three types, metal-like behaviour (40 mol%, 50 mol %, and 60 mol%), metal-dielectric hybrid behaviour (70 mol%) and dielectric-like behaviour (80 mol% and 90 mol%). These results clearly show a metal-dielectric transition following the EMT description and strongly suggest that the metal-dielectric hybrid EM property will be obtained near the percolation threshold.
The metal-like behaviour and dielectric-like behaviour can be easily understood according to the EMT, which has already been discussed in our earlier work. 24 The most interesting part is the metal-dielectric hybrid EM property near the percolation threshold. Both EMT and the percolation theory suggest that the EM properties of a percolative composite have a close relationship with the microstructure.
25
Backscattered electron images and element maps have been collected to nd the relationship between the hybrid EM properties and the microstructure. Backscattered electron images and element distributions are shown in Fig. 5 . In Fig. 5(a) , the Fe-rich areas (red parts) can be considered as conductive paths that form a conductive network, which is spread throughout the whole matrix. Electrons can move freely in this network structure, in almost the same way as in a pure metal. That is the reason for the metal-like behaviour.
The whole conductive network will be cut into several local networks as the incorporation of Al 2 O 3 is increased to 70 mol%. In this case, a new kind of microcapacitor will be formed in the composite. Each of the microcapacitors is formed by the neighboring local networks and the dielectric layers between them. The large capacitance contributed by each of the microcapacitors can then be correlated with a signicant increase in the intensity of the local electric eld, leading to a high dielectric constant (large value of the real part of the permittivity). At the same time, current still will be formed in the local network system, leading to a relatively high energy loss. As the mole ratio of Al 2 O 3 reaches 80%, the local network will be further divided into island-like structures surrounded by the insulating matrix and the microcapacitor structures will be destroyed, leading to a decrease of the real part of the permittivity. In this case, the free electrons are localized in the matrix and cannot move freely, resulting in a typical dielectric behaviour.
Conclusions
In this paper, percolative composites have been fabricated via a selective reduction reaction. The EM properties of the composites can be well described by effective medium theory and percolation theory. Near the percolation threshold, the composite shows an interesting metal-dielectric hybrid EM property, which has a close relationship with its microstructure and element distribution. A local conductive network leading to a large energy loss and a microcapacitor network signicantly increases the dielectric constant of the composite.
